The occurrence of hypoxic conditions in plants not only represents a stress condition but is also associated with the normal development and growth of many organs, leading to adaptive changes in metabolism and growth to prevent internal anoxia. Internal oxygen concentrations decrease inside growing potato tubers, due to their active metabolism and increased resistance to gas diffusion as tubers grow. In the present work, we identified three hypoxia-responsive ERF (StHRE) genes whose expression is regulated by the gradual decrease in oxygen tensions that occur when potato tubers grow larger. Increasing the external oxygen concentration counteracted the modification of StHRE expression during tuber growth, supporting the idea that the actual oxygen levels inside the organs, rather than development itself, are responsible for the regulation of StHRE genes. We identified several sugar metabolism-related genes co-regulated with StHRE genes during tuber development and possibly involved in starch accumulation. All together, our data suggest a possible role for low oxygen in the regulation of sugar metabolism in the potato tuber, similar to what happens in storage tissues during seed development.
Introduction
Oxygen shortage represents a physiological constraint during the development of multicellular organisms such as mammals and plants. For instance, mammalian embryo development takes place at low oxygen levels in vivo, and hypoxic conditions contribute significantly to its correct progression in vitro (Forristal et al. 2009 ). Also in plants, certain organs experience low oxygen conditions during growth and development (Geigenberger 2003a) . This happens in particular in metabolically active, bulky tissues such as seeds (van Dongen et al. 2004, Borisjuk and Rolletschek 2008) , seedlings (van Dongen et al. 2003) , fruits (Magness, 1920 , Banks 1983 , Biais et al. 2009 ) and tubers (Geigenberger et al. 2000 ) that either lack proper systems for oxygen distribution or are embedded deep inside the body of a plant such as the phloem (van Dongen et al. 2003) . In growing potato (Solanum tuberosum) tubers the decrease in oxygen tension leads to a suppression of metabolic activities as an adaptive response to save ATP and decrease oxygen consumption, together with the induction of hypoxiaresponsive genes to cope with anoxia should this condition arise (Geigenberger et al. 2000) .
The understanding of low oxygen signaling in plants has progressed rapidly in the last few years. Transcript profiling of different plant species under low oxygen conditions revealed that homologous transcription factor (TF)-coding genes are induced by low oxygen across the plant kingdom (Christianson et al. 2010 , Mustroph et al. 2010 , Narsai et al. 2010 . The similar behavior of hypoxia-responsive TFs, together with the high conservation of specific protein domains, suggests a conserved role in low oxygen signaling in higher plants. Moreover, parallel data mining from whole-transcriptome profiling in Arabidopsis and rice under low oxygen conditions (Christianson et al. 2010 , Mustroph et al. 2010 , Narsai et al. 2010 ) and quantitative trait locus (QTL) analyses led to the identification and characterization of genes putatively involved in the transduction of the hypoxic signal Bailey-Serres 2008) . However, the complex integration of different signals does not allow a clear distinction between adaptive mechanisms for energy, sugar or oxygen depletion. In rice (Oryza sativa) OsCIPK15 [calcineurin B-like (CBL)-interacting protein 15], a protein kinase, was shown to be required for both flooding tolerance and germination under anoxic conditions (Lee et al. 2009 ). In fact, anoxic germination of rice is achieved by the CIPK15-dependent (Lee et al. 2009 ) induction of the a-amylase Ramy3D (Perata et al. 1993) , therefore providing glucose units for the build up of seedling structures. Moreover, OsCIPK15 was shown to be required for ADH1 (alohohol dehydrogenase 1) induction under hypoxia (Lee et al. 2009 ).
Two Arabidopsis members of the ethylene response factor (ERF) family, AtHRE1 and AtHRE2, were shown to be induced by hypoxia and are required for anoxia tolerance, acting on the maintenance of ethanol production (Licausi et al. 2010b) . Two other ERFs have been related to the response to low oxygen in Arabidopsis, namely RAP2.2 and RAP2.12. The ethylene-responsive ERF RAP2.2 is required for the survival of Arabidopsis seedlings under hypoxia (Hinz et al. 2010 ). RAP2.12 was shown to be able to bind the promoter of the ADH gene and to stimulate its expression in Arabidopsis (Papdi et al. 2008) .
In the present study we identified three hypoxia-responsive members of the ERF group VII in S. tuberosum cv. Desirée plants, named hypoxia-responsive ERF1 (StHRE1), StHRE2a and StHRE2b. Interestingly, these genes are induced or repressed by low oxygen in a tissue-specific manner. Moreover, the StHRE genes not only respond to environmental hypoxia applied to the plant but were also affected by self-imposed low oxygen conditions that are part of normal tuber development and growth. We characterized their expression pattern during tuber development and demonstrate that gene expression is associated with growth-related changes in oxygen availability in the tissue. An in silico search for mRNA sequences co-regulated with the potato HREs using recently published developmental profilings of the tuber transcriptome (Kloosterman et al. 2008 , Ferreira et al. 2010 ) revealed a number of genes involved in sugar metabolism and development. Our results suggest that HREs may be involved in oxygen signaling linking tuber metabolism with development.
Results

Identification of hypoxia-responsive ERFs in Solanum tuberosum
To isolate ERF-encoding genes that are responsive to low oxygen conditions, cDNA from leaf and root tissues excised from hypoxic and aerobic S. tuberosum cv. Desirée plants was amplified using degenerated primers designed specifically to anneal to members of group VII ERF TFs (Supplementary Table S1 ). A single band was obtained (Fig. 1A) that corresponded to three different fragments putatively encoding ERF VII proteins (Fig. 1B) . Two of the fragments shared >90% identity, differing only in a few codons located in the N-terminal part. These two sequences map uniquely to the same locus on the tomato (Solanum lycopersicum) genome (release SL2.40, chromosome 9 62625165556:62625529, E-value 1 Â 10 À63 ), and correspond to a single Unigene tomato model (Gene Bank entry AY192368, E-value 3 Â 10 À85 ). Therefore, these two genes correspond either to different alleles within the tetraploid genome of potato or to inparalogs. BLAST analysis of the deduced amino acid sequences against the UniProtKB database (www.uniprot.org) revealed that one fragment corresponds to a CIP353, an ERF gene already identified as moderately cold inducible (Mine et al. 2003) , and the two remaining fragments are identical to the DNA-binding protein STWAEEIRD (Campbell et al. 1998) , which is 298 amino acids long. 3 0 RACE (rapid amplifiction of cDNA ends) analyses confirmed the identity of the isolated mRNAs (Supplementary Text S1). These three genes identified were renamed in accordance with their Arabidopsis homologs: hypoxia-responsive ERF1 (StHRE1) and hypoxia-responsive ERF2 (StHRE2a and StHRE2b).
Analysis of the deduced amino acid sequences indicated that all three HREs contain a highly conserved AP2/ERF domain (Fig. 1B) . Using the WoLF PSORT web tool (Horton et al. 2007 ) all HRE proteins were predicted to be localized in the nucleus. In addition, conserved motifs of group VII (CMVII) previously identified by Nakano et al. (2006) were found to reside in the N-terminal and the C-terminal regions of StHRE1 and StHRE2 proteins (Fig. 1B, Supplementary Text S2) . StHRE2b is missing a seven amino acid sequence, SFSKPIS, which is present in the N-terminus of StHRE2a (Fig. 1C) .
To investigate the similarity of the identified HRE sequences compared with the ERF proteins belonging to group VII encoded by other representative plant species, we performed a sequence-based phylogenetic analysis. The resulting phylogenetic tree (Fig. 1D) showed a loose distinction of several ERF subgroups, and allowed us to place the newly found potato sequences in defined subclades. In particular, StHRE1 clusters together with the Arabidopsis thaliana RAP2.3 protein, while StHRE2a and StHRE2b belong to a subclade including Fig. 1 Identification of ERF VII-like genes in potato. (A) Semi-quantitative RT-PCR on potato leaves and roots excised from plants treated at 21 or 4% (v/v) oxygen for 3 h using ERF VII-specific degenerated primers. EF1 was used as housekeeping gene to normalize loading. (B) Schematic representation of StHREs and Arabidopsis ERF VII proteins depicting conserved motifs (CMVII) as defined in Nakano et al. (2006) . (C) Alignment of the protein sequences of the potato ERF VII-like proteins identified. Amino acid sequences were aligned using MUSCLE (Edgar 2004) . The multiple alignment is visualized using JalView (Waterhouse et al. 2009 ). The AP2/ERF domain, as automatically annotated by SMART (Letunic et al. 2009) , is highlighted by a red band. (D) Phylogenetic tree of group VII ERF proteins from different plant species whose genome has been sequenced. A bootstrap consensus Neighbor-Joining tree was inferred from 1,000 replicates using MEGA5 (Tamura et al. 2007 ) based on a multiple sequence alignment calculated by MUSCLE (Edgar 2004 ; Supplementary Fig. S7 ). Branches corresponding to partitions reproduced in <50% of the bootstrap replicates are collapsed. Protein sequences used: Solanum tuberosum (StHRE1, StHRE2a and StHRE2b), Arabidopsis thaliana [AtHRE1 (At1g72360), AtHRE2 (At2g47520), AtRAP2.2 (At3g14230), AtRAP2.3 (At3g16770) and AtRAP2.12 (At1g53910)], Glycine max (Glyma03g42450, Glyma16g01500, Glyma07g04950, Glyma10g02080, Glyma02g01960 and Glyma09g04630), Populus trichocarpa (PtERF-B2-1, PtERF-B2-2, PtERF-B2-3, PtERF-B2-5 and PtERF-B2-6) as named according to Zhao et al. (2007) , Oryza sativa (OsERF059, OsERF060, OsERF061, OsERF062, OsERF064, OsERF065, OsERF066, OsERF067, OsERF068, OsERF069, OsERF070, OsERF071 and OsERF072) as named according to Nakano et al. (2006) and OsSub1A and OsSub1B as named according to Fukao et al. (2009) , Vitis vinifera (VvERF057, VvERF058 and VvERF059) as named according to Licausi et al. (2010a (Matton et al. 1990 ) was analyzed as control. StHRE1 was shown to be hypoxia inducible only in leaves (Fig. 2,  Supplementary Table S2 ). Instead, StHRE2a and StHRE2b were up-regulated under hypoxic conditions in all tissues considered, although they also exhibited wounding responsiveness as the mRNAs increased under aerobic conditions 3 h after cutting (Fig. 2, Supplementary Table S2 ).
Oxygen availability shows a spatial gradient, being higher at the tuber's surface, decreasing progressively towards the center of the tubers and falling to low levels in the core region (Geigenberger et al. 2000) . We therefore assayed the expression of the StHRE genes in the inner and outer part of detached tubers after a 3 h treatment of the intact tuber with 21 or 4% O 2 . StHRE1 was down-regulated by the hypoxic treatment and its expression was already low in the core of the tuber under normoxic conditions (Fig. 3) . On the other hand, StHRE2a and StHRE2b were equally expressed in the inner and outer part of the tuber and were both induced by hypoxia (Fig. 3) .
HRE expression during tuber development
Tuber size is assumed to play a major role as a constraint to the oxygen availability for the inner tuber cells (Geigenberger et al. 2000) . Oxygen concentrations and mRNA levels were measured in developing tubers at different stages defined in an age-related manner according to Kloostermann et al. (2008) . The internal O 2 concentrations progressively decreased with tuber development and size increase, to around 10% of the (Fig. 4B ). StHRE1 displayed a modest increase at a tuber age of 7 d, during the transition from stolon to juvenile tuber (Fig. 4B) , after which expression decreased until it ultimately reached a value of about half of the expression level in stolons. StHRE2a and StHRE2b displayed a transient up-regulation at 7 d and toward the age of 14 d the expression level fell back to levels similar to those at the stolon stage (Fig. 4B) . However, both StHRE2a and StHRE2b were subsequently markedly up-regulated when oxygen levels decreased to 10% of the environmental concentration, in 25-day-old tubers ( Fig. 4B ) congruent to the sudden increase in gene expression of StADH.
The developmental expression pattern of HREs can be modified by changing external oxygen concentrations
To investigate whether changes in the internal oxygen concentration were responsible for the developmental regulation of the StHRE genes, we analyzed their expression pattern in developing tubers, exposed to hypoxic
Tubers at different developmental stages were taken from plants treated for 12 h with the various oxygen concentrations. External hypoxia anticipated the induction of StHRE2a, StHRE2b and StADH to an earlier developmental stage and inhibited StHRE1 expression (Fig. 5) . Conversely, hyperoxic external conditions completely prevented StADH induction and partially attenuated the up-regulation of the StHRE2 genes at the latest developmental stage (Fig. 5) although it did not affect StHRE1 expression.
Genes correlating with HRE expression during tuber development
Previous studies in Arabidopsis and rice have led to the conclusion that some genes belonging to group VII ERFs could play a role in the hypoxic induction of low oxygen-responsive genes , Hinz et al. 2010 , Licausi et al. 2010b ). However, the physiological hypoxia established during the development of the tuber is unlikely to pose a threat for the plant itself and therefore it is possible that in this context the ERF VII genes play additional roles.
In order to detect genes that can be associated with the behavior of StHREs, and therefore shed light on the functions and mechanisms with which StHREs may be involved, we carried out an in silico co-expression analysis. Co-expression analysis is simply determining which genes are showing similar expression behaviors to the baits chosen (in our case, StHREs). Without assumptions on causal relationships, co-expression can pick up mechanisms of regulation present in the studied samples that are altering the rates of transcription. It can therefore offer an unbiased approach for finding new genes sharing pathways and functions with StHREs, possibly other than the typical anaerobic adaptive response.
In order to perform the co-expression analysis we chose two distinct data sets that describe the transcriptomic changes occurring during potato tuber development. Both are based on the Potato Oligo Chip Initiave (POCI) microarray, which is based on the most recent representation of the S. tuberosum transcriptome (Kloosterman et al. 2008 , Ferreira et al. 2010 ) (see the Materials and Methods). At this point, we adopted two parallel but distinct co-expression approaches: Spearman correlation (Usadel et al. 2009a ) for robust, direct and monotonic similarities, and LASSO (least absolute shrinkage and selection operator; Tibshirani 1996) for finding less evident co-expressors of the StHRE genes (see also the Materials and Methods). As gene 'baits' for our co-expression analysis using Spearman correlation and LASSO we used the probes matching StHRE1 and StHRE2a/ StHRE2b. Both genes are transcriptionally regulated during tuber development ( Supplementary Figs. S1 , S2), and in both cases their transcriptional variation is higher than the population average ( Supplementary Fig. S3 ). All other probes in the normalized data sets were taken as potential guilt-by-association candidates (see the Materials and Methods).
Twenty-three genes were obtained by analysis of the LASSO model (see the Materials and methods) using StHRE1 as the response variable, and 16 were found for StHRE2. Using Spearman correlation, we found a considerable number of positively correlated genes, specifically 14,758 for StHRE1 and 927 for StHRE2a/b, with an absolute correlation coefficient >0.7, a commonly accepted correlation threshold (Usadel et al. 2009a) . These groups of co-expressors are in both cases significantly enriched for genes belonging to major and minor carbohydrate metabolism, among other ontology groups (Supplementary Table S3 ) (Usadel et al. 2009b ). Interestingly, the vast majority of correlations for both StHRE genes are positive ( Supplementary Fig. S4 ). Since the number of correlating genes was too high for an in-depth analysis, we decided to limit our candidates here to the top 10 correlators for both StHRE genes. This resulted in a total of 33 candidate co-expressors for StHRE1 and 25 (as one gene is found in both the LASSO and the top 10 Spearman list) for StHRE2a/b. Almost all these candidates are positively correlated to StHRE1 and StHRE2a/b (Tables 1, 2) or with positive weights in the LASSO models ( Supplementary Fig. S5 ). The cross-validation analysis for the LASSO models ( Supplementary Fig. S6 ) showed that by adding more variables in explaining StHRE1, the method becomes more precise ( Supplementary Fig.  S6A ), while StHRE2 has a more even distribution of error Tuber age (days)
Tuber age (days)
Relative mRNA level across the different thresholds applied ( Supplementary Fig.  S6B ). The LASSO method, although finding genes that are in most cases well correlated to the StHRE gene baits (Tables 1, 2) , provides candidates almost completely not overlapping with the top Spearman ranking candidates. This behavior is not unexpected: although the first variable introduced by LASSO is always the top Pearson (not Spearman) correlator, then the LASSO exploration proceeds by finding the genes most correlated with the 'residual' behavior of the bait gene, which means that the second introduced gene is not necessarily the second most correlated to the bait. The behavior of the candidates across the conditions in the data sets is shown in Supplementary Fig. S1 (StHRE1) and Supplementary Fig. S2 (StHRE2a/b).
The group of genes whose expression relates to StHRE1 (both top Spearman correlators and variables included by the LASSO models; see the Materials and Methods) includes genes coding for anabolic enzymes involved in starch and sucrose biosynthesis such as a sucrose phosphate synthase (SPS1) and a phosphoglucomutase (PGM), as well as two enzymes involved in sugar catabolism [disproportionating enzyme (DPE) and a subunit of the cytosolic glyceraldehyde 3-phosphate dehydrogenase enzyme]. Four putative TF-encoding genes are also co-regulated with StHRE1 during tuber development and three of them belonged to the zinc finger family. The group of genes correlating with StHRE2a and StHRE2b instead did not include any transcriptional regulator but contained several genes involved in sugar metabolism and sugar-starch interconversion: phosphoglucan water dikinase (PWD), fructokinase (FRK), two glucose 6-phosphate transporter-like proteins (G6P-transporter) and StSUS4. Among the genes known to be involved in the anaerobic response (Mustroph et al. 2010) only StSUS4 was identified as co-regulated with StHRE2a/b among the 58 candidates inferred by our co-expression analysis. As expression of the StHRE genes was modified by hypoxia (Figs. 2, 3, 5) , it is possible that the newly identified genes co-expressed with HRE genes during tuber development are also affected by decreased oxygen conditions. We checked whether the Arabidopsis and rice best hits of these genes were indeed induced or repressed by using publicly available microarray data sets (Supplementary Table S4 ). Interestingly, among the homologs of the StHRE1-correlating genes in Arabidopsis, only a few genes exhibited hypoxia responsiveness, whereas the expression of the rice homologs was affected by anoxia in the coleoptiles (Lasanthi-Kudahettige et al. 2007 ). More specifically, 17% of the rice StHRE1-co-regulated gene homologs were down-regulated [ 1.5 logfold change (FC)] and 25% up-regulated (!1.5 logFC). Rice homologs of 50% of the StHRE2-co-regulated genes were induced (!1.5 logFC) and only 10% were repressed ( 1.5 logFC). This is, however, not significantly different (tested via 2 test) from the expected range of this data set, where 24.91% of the total genes are up-regulated and 36.30% are down-regulated by anoxia.
The genes correlating with either StHRE1 or StHRE2a and StHRE2b during tuber development (Tables 1, 2) can therefore be assumed to be alternatively: (i) part of the general response to hypoxia in potato; (ii) constituting a specific adaptive response to the decrease in oxygen availability inside the developing tuber; or (iii) developmentally regulated independently of the actual oxygen level in the tuber. To test these hypotheses, the expression of a selection of the co-regulated genes was analyzed by real-time quantitative PCR in potato vegetative tissues treated under hypoxic (4% O 2 ) and normoxic (21% O 2 ) conditions. Twenty-one genes were chosen from the 58 candidates identified by our co-expression analysis, by selecting those encoding TFs and enzymes involved in sugar metabolism. Leaves, stems and roots were excised from in vitro grown plants after 3 h hypoxia/normoxia to avoid interference due to wounding stress as observed previously (Fig. 2) . As roots were growing inside the agar medium, it is likely that they were already experiencing hypoxic conditions even in a normoxic environment, as suggested by high levels of StHRE2a and StHRE2b in the aerobic samples (Fig. 6B) . None of the investigated genes showed a general induction by hypoxic conditions in all the vegetative tissues analyzed (Fig. 6A, B) . The zinc finger TF-encoding genes maintained hypoxic responsiveness in leaves (Stu.6717 and Stu.4930) or in stems and roots (Stu.5337). Among the sugar metabolism-related genes, AtSUS4, SPS1 and FRK were affected by hypoxia: AtSUS4 exhibited low oxygen responsiveness in the roots (Fig. 6B) as already described by , FRK was induced in the stem but remained unaltered in root and leaf tissues, whereas SPS1 was significantly up-regulated only in the leaves (Fig. 6B) . Among the remaining genes, three [rubber elongation factor (REF), xanthoxin dehydrogenase and Aa transporter-like] were repressed by the hypoxic treatment in the leaves (Fig. 6A, B) . The expression of the same set of genes was also analyzed in fully developed tubers of soil-grown potato plants treated under hyperoxic (40% O 2 ) and normoxic (21% O 2 ) conditions. Nine out of 21 genes exhibited significantly decreased mRNA levels when tubers were submitted to an oxygen-enriched atmosphere for 12 h ( Table 3) . Six of these significantly repressed genes were found by LASSO modeling, while three were obtained through Spearman correlation, showing an interesting complementary behavior of these two techniques. This group of genes included the StHRE1-co-expressed genes SPS1, xanthoxin dehydrogenase, two zinc finger TF genes, a RASrelated protein and DPE. Repression of xanthoxin dehydrogenase expression by both hypoxia in leaves and hyperoxia in developed tubers indicates that the oxygen-dependent regulation of this gene is controlled in a tissue-specific manner. Among the StHRE2-co-regulated genes, StSUS4 was down-regulated by hyperoxia, together with FRK and REF ( Table 3) . Our analysis clearly showed a correlation between ERF VII and other genes that goes beyond the co-regulation due to low oxygen stress (Hinz et al. 2010 , Jung et al. 2010 , Licausi et al. 2010b . Instead, in the case of growing potato tuber, many StHRE-co-expressed genes code for an enzymatic reaction involved in sugar catabolism and starch synthesis (Appeldoorn et al. 1997 ).
Discussion
Hypoxia-triggered induction of part of the ERF TF family is a conserved feature in rice, Arabidopsis, poplar and cotton (Christianson et al. 2010 , Mustroph et al. 2010 , Narsai et al. 2011 . In the present study, we cloned three hypoxia-responsive genes that code for proteins belonging to the ERF VII group in several potato organs, namely StHRE1, StHRE2a and StHRE2b. All three StHRE genes belong to group VII according to the classification defined by Nakano et al. (2006) . StHRE1 is similar to the Arabidopsis ERF AtRAP2.3, while the closest StHRE2 homologs in the Arabidopsis genome are RAP2.2 and RAP2.12 (Fig. 1C) .
The ERF VII group contains members implicated in sustaining the molecular response to oxygen deprivation in rice (Sub1A, SK1 and SK2) and Arabidopsis (RAP2.2, HRE1 and HRE2) , Hinz et al. 2010 , Licausi et al. 2010b ). All these members of the ERF VII group are affected by hypoxia at the transcriptional level , Hattori et al. 2009 , Hinz et al. 2010 , Licausi et al. 2010b ). This was also observed in potato for StHRE1, StHRE2a and StHRE2b, although the hypoxic responsiveness was not identical. Reduced oxygen levels induced StHRE1 in the leaves but repressed it in tubers and roots (Fig. 2, Supplementary Table S2 ). Instead, StHRE2a and StHRE2b were ubiquitously induced by exposure to low oxygen concentrations (Fig. 2, Supplementary Table S2) . Moreover, wounding appeared to exert a strong eliciting effect on the StHRE genes in stems, roots and stolons (Fig. 2,  Supplementary Table S2 ). StHRE1 was repressed by hypoxia in the tuber, although this down-regulation was prevented by wounding (Fig. 2, Supplementary Table S2 ). We hypothesized that, in tubers, StHRE1 is repressed and StHRE2a and StHRE2b induced as soon as the oxygen levels drop during the tuber enlargement. Indeed, StHRE2a and StHRE2b were up-regulated when the oxygen concentration inside growing tubers decreases to almost 2% (Fig. 4B) , while StHRE1 was already expressed at the stolon stage and its mRNA levels declined progressively during tuber growth (Fig. 4B) . Treatment of developing tubers with hyperoxic conditions (40% O 2 ) reduced the induction of both StHRE2 genes during the tuber mass increase, although it could not entirely prevent it. This suggests that other signals, in combination with low oxygen, regulate the expression of the HRE genes in developing potato tubers. Alternatively, it is possible that even in a hyperoxic atmosphere oxygen levels inside the tuber are lower than at the surface. In this scenario, the triggering signal for up-and down-regulation of StHRE genes would be the gradient in oxygen concentrations within the tuber, rather than the absolute oxygen levels in the cells.
As the expression of StHRE1 and the StHRE2 genes changes during tuber formation and development, these TFs might play a role in the regulation of these processes in S. tuberosum. Several observations in potato and other plant species provide an indication towards this hypothesis. Youm et al. (2008) reported that the overexpression of an ERF VII gene from Capsicum annuum delayed tuberization in vitro. Another ER VII gene, AtRAP2.3, was shown to play a role in flower development in Arabidopsis, both by regulating and being regulated by APETALA2 in a feedback loop fashion (Ogawa et al. 2007 ). Interestingly, the group of signals and molecular factors that lead to tuberization overlap with those required for flowering (Rodriguez-Falcon et al. 2006) . Furthermore, gibberellins are involved in different aspects of potato tuber growth and development (Xu et al. 1998 , Kloosterman et al. 2007 ). In rice, the ERF VII gene OsSub1A is known to affect the gibberellin signal transduction pathway by increasing the levels of gibberellin repressors, the Slender Rice 1 (SLR1) and SLR1-like genes (Fukao et al. 2008 ). More recently, overexpression of Sub1A . In vitro grown plants were submitted to hypoxia (4% O 2 v/v) or normoxia (21% O 2 v/v) for 3 h, and leaves, stems and roots were subsequently excised from the plant. Hypoxia was applied in darkness by flushing a controlled atmosphere in a closed plastic box. For all genes the relative expression is compared wiht the aerobic leaf. The relative expression level was measured by real-time quantitative PCR and calculated according to the ÁÁCt method. For all genes, the relative expression is compared with the aerobic leaf. Aerobic samples are shown in white bars and hypoxic samples in dark gray. Error bars represent the standard deviation of three biological replicates. An asterisk indicates significant differences between aerobic and hypoxic samples from the same tissue (Wilcoxon test, P < 0.05).
in Arabidopsis was shown to affect development by delaying flowering time (Peña-Castro et al. 2011) . Tuberization is known to be accompanied by two major biochemical changes: synthesis of storage proteins and starch accumulation (Appeldoorn et al. 1997) . A shift from invertasedependent to sucrose synthase (SUS)-dependent sucrolysis directed at fueling starch synthesis was observed previously during tuber development (Merlo et al. 1993 , Appeldoorn et al. 1997 and the StSUS4 isoform accounts for most of the SUS activity in tubers . The transcriptional correlation between StSUS4, StFRK and the hypoxia-inducible StHRE2a/b during tuber development, together with the low oxygen levels observed and the enhancing activity of ERF VII genes on SUS genes in rice and Arabidopsis , Licausi et al. 2010b , point in the direction of a physiological role for hypoxic conditions in regulating sink strength in growing tubers. Similar conditions occur during embryo development in seeds: in tissues actively engaged in storage such as cotyledons, SUS takes over invertase to sustain sucrose unloading and mobilization (Weber et al. 1997) . Interestingly, hypoxic conditions were measured in developing seeds of several plant species (van Dongen et al. 2004 , Borisjuk et al. 2007 ). The potential involvement of HRE TFs in the regulation of starch accumulation during tuber development is further suggested by the fact that StHRE1 correlated with genes coding for enzymes involved in sucrose and starch metabolism: SPS1, PGM and DPE (Table 1) . Although these three enzymes direct hexose usage towards opposite routes, a coordinated sucrose synthesis-degradation cycle has been proposed to be important to sustain starch synthesis in growing potato tubers (Geigenberger 2003b) . The oxygen decrease inside growing tubers has already been associated with the reduction of the rate of starch synthesis (Bologa et al. 2003 , Geigenberger 2003b ; the hypoxia-responsive StHREs described in this study could act as mediators of this process at the transcriptional level. The co-expression of StHRE1 and StHRE2a/b and sugar metabolism genes listed in Tables 1 and 2 was not maintained in vegetative tissues under hypoxia (Fig. 6) , and increased oxygen availability prevented the induction of only a subset of them (Fig. 5, Table 3 ). This might either indicate that tuber-specific factors cooperate with the HREs to regulate downstream genes or that signals other than oxygen are responsible for the regulation of the HRE-co-expressed genes in growing tubers.
Comparisons of genome-wide transcriptional responses to low oxygen highlighted similarities and differences among different plant species (Christianson et al. 2010 , Mustroph et al. 2010 , Narsai et al. 2010 . We compared the effect of low oxygen Table S4 ). This could be interpreted as being due to similarities in the metabolic conditions of germinating grains and tuber development when a considerable amount of starch is available for active growth. In Arabidopsis seedlings, however, reserves are rapidly depleted and an energy-saving strategy is more likely to be adopted by the plant tissues. In summary, in the present study we have identified three ERF-coding genes, named StHRE1, StHRE2a and StHRE2b, belonging to group VII and displaying a differential responsiveness to low oxygen in potato. They appear to have a role not only in the response to decreased oxygen availability in the surrounding environment, as observed in Arabidopsis and rice, but also when developmental and growth programs impose constraints on oxygen diffusion. Co-expression analyses suggested a possible role for these TFs in the regulation of sucrose and starch metabolism during tuber development. While sugar signaling has been implicated in triggering changes in the routes of sucrose unloading and mobilization as well as in the rates of starch synthesis (Smeekens 2000) , the results of the present study suggest that the decrease in oxygen tension that develops as tubers grow bigger and the related induction of ERF-type genes might also contribute in regulating these events. Moreover, the identification of potential regulators of adaptive mechanisms to low oxygen conditions in potato is of great agronomical interests as oxygen availability affects tuber yield and quality (Holder and Cary 1984, Cary 1986 ).
Materials and Methods
Plant material and treatment
Potato (S. tuberosum) cv. Desiree was obtained from Saatzucht Lange AG. Plants were maintained in tissue culture and transferred to greenhouse conditions as described by Fernie et al. (2002) . Leaves, flowers, stems, roots and stolons were harvested from soil-grown plants 5 weeks after transfer from agar medium to soil. Developing tubers were harvested from healthy 10-week-old plants. Low oxygen treatments were carried on in Plexiglas boxes applying a stream of pre-mixed air containing 4% O 2 , 350 p.p.m. CO 2 and N 2 (Air Liquide) in darkness. Since the size of soil-grown plants exceeded that of the Plexiglas boxes, the different organs were cut and kept in Petri dishes containing sterile water 1 h before the start of the treatment and during the treatment to prevent desiccation. Control plants and explants were flushed with normoxic air in darkness. To change the oxygen concentration in the soil surrounding developing tubers, pots with soil-grown S. tuberosum plants were sealed with plastic bags and a stream of pre-mixed air (hypoxic and normoxic as described before) was applied. The actual oxygen concentration inside the bag was checked by means of a phosphorescent oxygen sensor (Presens).
For RNA analyses, plant tissues were immediately frozen in liquid nitrogen, ground into a fine powder using a ball-mill (Retsch) and stored at À80 C until further analysis.
Total RNA extraction, cDNA synthesis and realtime quantitative PCR analysis Total RNA was isolated from 100 mg of ground plant material using the Qiagen RNeasy Plant Minikit. RNA quality was assessed by agarose gel electrophoresis prior to DNase I digestion (Promega), and 1 mg of total RNA was used for cDNA synthesis using the Superscript III RT-PCR kit (Invitrogen). Quantitative real-time reverse transcription-PCR was performed as described by Czechowski et al. (2005) using the primer pairs described in Supplementary Table S1 . The genes coding for elongation factor 1-a (AB061263) and tubulin (609267) were used as housekeeping genes according to Nicot et al. (2005) . Primers were designed using Quantprime (Arvidsson et al. 2008) Cloning of ERF VII mRNAs ERF VII mRNAs were amplified using specific degenerated primers (Supplementary Table S1 ) that anneal to the N-terminus of the coding sequence and the conserved region encoding the DNA-binding domain. The resulting amplicon was cloned into pGEM-T-easy (Promega) and sequenced using a T7 promoter primer, as described by the manufacturer. The full-length sequence of StHRE1, StHRE2a and StHRE2b was confirmed using a combination of primers annealing to the N-terminus and C-terminus of the sequences AB085820 (CIP353) and U77655 (STWAAEIRD).
Oxygen measurements
The tuber internal oxygen concentrations were verified using a self-made laser-based apparatus for miniaturized optical oxygen measurements described in Löhmannsröben et al. (2005) and in Schmälzlin et al. (2005) . Oxygen was always measured inserting the needle-type sensor to reach the core of the tuber.
Phylogenetic analysis
A consensus phylogenetic tree for ERF group VII was inferred using the Neighbor-Joining method (Saitou and Nei, 1987) and is shown in Fig. 1D . The bootstrap consensus tree inferred from 1,000 replicates is taken to represent the evolutionary history of the taxa analyzed (Felsenstein, 1985) . Branches corresponding to partitions reproduced in <50% bootstrap replicates are collapsed in Fig. 1D . The evolutionary distances were computed using the Poisson correction method (Zuckerandi and Pauling 1965) and are in the units of the number of amino acid substitutions per site. The analysis involved 39 ERF protein sequences, with the prefix indicating the species (Os, Oryza sativa; Vv, Vitis vinifera; Pt, Populus trichocarpa; At, Arabidopsis thaliana; Glyma, Glycine max; St, Solanum tuberosum). The multiple alignment of these sequences was calculated using MUSCLE (Edgar 2004) and is shown in Supplementary Figure S7 . Evolutionary analyses were conducted using the MEGA5 software (Tamura et al. 2007 ).
Co-expression and LASSO analysis
We collected all the 14 samples from the two publicly available potato developmental data sets (Kloosterman et al. 2008 , Ferreira et al. 2010 . Both data sets used the POCI array as the hybridization platform (pgrc.ipk-gatersleben.de/poci/), a 44 K 60-mer Agilent oligo array designed from known expressed sequence tag (EST) libraries (Kloosterman et al. 2008 ). The first data set (Kloosterman et al. 2008 ) comprises six samples taken from pools at different stages of potato tuber development, specifically at 0 (unswollen stolon), 5, 6-7, 7-8, 9-10 and 15 d after switching from a 16 h to a 8 h light period. The second data set (Ferreira et al. 2010) follows the same sampling conventions as the previous one, but measuring two distinct biological pools of four stages (0, 6-7, 7-8 and 9-10 d) for a total of eight samples. Both data sets are publicly available, the first in the supplementary materials of (Kloostermann et al. 2008) , the second on ArrayExpress (Parkinson et al. 2009) , entry E-MEXP-2482. Both data sets were normalized and quality filtered as described by Kloostermann et al. (2008) and merged for subsequent analysis. Of the 42,034 unique probes present on the POCI array, we excluded those displaying low signals as in Kloostermann et al. (2008) and conducted our co-expression analysis on a total of 31,293 probes. StHRE1 is represented on this chip by three probes (MICRO.3799.C2, MICRO.3799.C3 and ACDA02245D01.T3m.scf ), all possessing analogous behavior across the experiments, and therefore a mean of the three was used as the StHRE1 representative signal. StHRE2a and StHRE2b mRNAs both hybridize to the probe bf_suspxxxx_0025D01.t3m.scf.
We used two co-expression techniques. The first, Spearman correlation, is widely known (Usadel et al. 2009a ) as a robust method for obraining direct, monotonic expression similarities, and it has also been used extensively for gene network reconstruction (D'Haeseleer et al. 1997 , D'Haeseleer et al. 2000 . However, since we were looking for less evident functions for the ERF VII family, we decided also to extract candidates using a second technique, called 'least absolute shrinkage and selection operator', or simply LASSO (Tibshirani 1996) . The LASSO produces linear regression models where the sum of the variables' coefficients has an upper bound. We chose it for three pragmatic reasons. First, LASSO keeps many coefficients equal to zero and therefore helps in clearly distinguishing between relevant and non-relevant variables (in our case, genes). Secondly, the LASSO models grow by introducing the variables that best explain the residual behavior of the bait gene (i.e. the gene of interest), and therefore it is arguably very accurate at finding weak and otherwise undetectable relationships. Thirdly, LASSO, since it prevents overfitting by keeping the number of explanatory variables low, is potentially very robust even in scenarios where the number of samples is much lower than the number of genes, as in our case (14 samples, 31,293 gene probes in the analyzed data set). The LASSO models can then be tested and compared using several methods, e.g. by AIC (Akaike information criterion; Aikaike 1974) or by cross-validation (Efron et al. 2004) . For Spearman correlation, we used StHRE1 and StHRE2a/b as baits and selected the top 10 correlators. All these showed positive correlation coefficients with our genes (Tables 1, 2) .
We generated two LASSO models, using StHRE1 and StHRE2a/b expression levels as response variables. The LASSO generated for each response variable y, a linear model:
y ¼ b 0 +b 1 x 1 +b 2 x 2 +b 3 x 3 + . . . +b n x n where x 1 . . .x n are the predictor variables (i.e. other genes) and b 1 . . .b n are the weights associated with them, while b 0 is the intercept (Tibshirani 1996) .
We used the least angle regression (LARS) algorithm (Efron et al. 2004 ) for a fast and efficient resolution of the LASSO model, considering as candidate predictor variables all probes included in the model during the LARS iterations. The LASSO models reached convergence after 49 iterations for StHRE1 and 24 iterations for StHRE2a/b. At the final point, 23 and 15 genes, respectively, had been included in the models, and therefore further analyzed as potential candidates. A 10-fold cross-validation (Efron et al. 2004 ) test was applied on both models ( Supplementary Fig. S1 ). The results showed a clear best L1 threshold for StHRE1, but not for StHRE2. If a single model had to be selected, the one with an L1 threshold corresponding to the lowest coefficient of variation threshold would be the ideal candidate, e.g. L1 = 100% for StHRE1. However, it must be noted that every L1 threshold provides a fitting LASSO model, that, with the appropriate variables and weights, explains the predicted variable (in our case, StHRE1 and StHRE2a/b) trying to minimize the error. Therefore, in order to exploit the full potential of the LASSO exploration, we decided to be overly prudent and to include all the genes deemed significant by LASSO and included in the explanatory models in the 0-100% L1 threshold range.
The weights for the individual genes included in the models are represented in Supplementary Fig. S2 .
Sequence similarity analysis
Arabidopsis thaliana best hits to our candidates were found by using TBLASTX (Altschul et al. 1997) with an E-value threshold of 0.001. As query we took the probe sequences as deposited on the POCI array, and as the database we used the TAIR9 cDNA collection (Swarbreck et al. 2007 ) from the Arabidopsis Information Resource (TAIR): gene structure and function annotation. Similarly, we found O. sativa homologs using BLASTX against the TIGRv5 rice peptide sequence database and an E-value threshold of 10 À10 .
Supplementary data
Supplementary data are available at PCP online.
